Purpose Dry eye syndrome (DES) causes significant morbidity. Trials of bloodderived products in treatment of the condition show promising results. However, their production is expensive and timeconsuming. We investigate fingerprick autologous blood (FAB) as an alternative lowcost, readily accessible treatment for DES. Patients and methods Prospective, noncomparative, interventional case series. In total, 29 eyes of 16 DES patients (2 males and 14 females) from two NHS sites in the United Kingdom. Patients instructed to clean a finger, prick with a blood lancet, and apply a drop of blood to the lower fornix of the affected eye(s), 4 times daily for 8 weeks then stop and review 4 weeks later. Follow-up visits occurred~3 days, 2, 4, 8 weeks into therapy, and 4 weeks postcessation. At each visit, visual acuity, corneal staining, Schirmer's test, tear break-up time (TBUT), and ocular comfort index (OCI) were measured, and photographs taken. Results were analysed using Student's paired t-test. Results At 8 weeks, there was improvement in mean Oxford corneal staining grade (3.31 to 2.07 (Po0.0001)), TBUT (5.00 to 7.80 s (Po0.05)), visual acuity (0.08 to 0.01 LogMAR equivalent (Po0.05)), and OCI score (56.03 to 39.72 (Po0.0001)). There was no statistically significant change in Schirmer's test results. Four weeks post-cessation versus immediately after completion of FAB therapy, mean staining grade worsened from 2.07 to 2.86 (Po0.0001). OCI score worsened from 39.72 to 44.67 (Po0.05). Conclusions In our limited case series FAB appears to be a safe and effective treatment for DES.
Introduction
The tear film is crucial to sight through its multiple functions including maintenance of the corneal epithelium, provision of a smooth optical surface, mechanical removal of debris, and antibacterial activity. A reduction in the quality and/or quantity of the tear film results in a loss of these functions, leading to dry eye syndrome (DES/keratoconjunctivitis sicca), which affects almost 5 million Americans over the age of 50 1 and causes significant morbidity to sufferers. Disease can arise from deficiency of the mucoaqueous film layers, as in Sjogren's syndrome or goblet cell damage, or more commonly deficiency of the lipid layer through Meibomian gland or adnexal dysfunction.
Standard non-surgical treatment for DES focuses on three main approaches -artificial tears for lubrication, hydration and corneal protection, punctal occlusion to reduce tear drainage, and anti-inflammatories to reduce the pro-inflammatory nature of the tear film in DES secondary to hypertonicity and other factors. 2 Patients with severe DES, often of an immunemediated nature, may fail to respond to these treatments, however. Artificial tears fail to take into account the extraordinarily complex composition of the natural tear film, and thus research over the past decade has focused on attempts to create a tear substitute more closely mimicking the tear film to treat DES. Tears contain an extensive range of growth factors, immunoglobulins, enzymes, cytokines, vitamins, amino acids, carbohydrates, and electrolytes which have been shown to be essential to the maintenance of corneal epithelial cells and physiological corneal homoeostasis (Supplementary Table 4) . 3 An obvious source for a tear mimic is blood. The numerous factors contained in tears are also found in blood plasma, albeit in differing concentrations (Supplementary Table 5 ). Several bloodderived products, such as autologous serum (AS), allogeneic serum, umbilical cord serum and platelet-rich plasma, have been studied as tear substitute candidates. The most extensively studied of these, AS, was first trialled as a preservative-free tear substitute by Fox et al 4 with encouraging subjective results. Since then several studies have shown beneficial effects of AS in the treatment of DES, 5 persistent epithelial defect, [6] [7] [8] neurotrophic keratopathy, 9 recurrent corneal erosion syndrome, 10 Graft versus Host disease, 11, 12 and superior limbic keratoconjunctivitis. 13 However, there are several barriers to the widespread use of AS. 3, 14 In the United States, AS has not yet been tested for official Food and Drug Administration (FDA) approval, leading to reluctance amongst pharmacies to manage it as a non-FDA approved product. 14 In the United Kingdom, treatment can only be commenced after approval from the NHS Blood and Transplant Tissue Service and once funding is sourced, a process that usually takes several months. AS therapy is not possible for patients in whom blood donation is contraindicated. There is no consensus presently regarding a standardised AS production method, with remaining uncertainty over whether AS should be diluted before administration to reduce the concentration of tumour growth factor β, 15, 16 which has been shown to inhibit epithelial cell proliferation (supplementary Table 4 ). Estimated total cost to produce a five months' supply of AS drops from one blood donation is £1600 (£320/month), including the price of collection, processing, testing, and distribution. 14 Once produced, AS must be kept in a freezer, and stability of the growth factors within AS after 6 months' storage is unknown. 17 Complications such as conjunctivitis, 18, 19 marginal infiltrates, Candida infectious crystalline keratopathy, coagulase-negative Staphylococcus keratitis, 20 limbitis, 21 and immunoglobulin deposition 22 have been reported.
There have been no studies thus far investigating the use of whole blood itself as a tear substitute. Fresh autologous blood, obtained by pricking one's finger, presents several theoretical advantages over other bloodderived products: treatment cost is limited to the purchase of wipes and lancets to perform regular fingerpricks (£12 per month), no production steps are required and thus there is no delay before starting treatment, and no storage is necessary. The constituents of whole blood differ from serum and other blood-derived products however (Supplementary Table 5 ), and the effects of erythrocytes, leucocytes, platelets, clotting factors, and numerous other factors whose concentration differs between blood and blood-derived products, on the ocular surface has yet to be fully elucidated. With these potential benefits and uncertainties in mind, we conducted a pilot study to establish the feasibility of fingerprick autologous blood (FAB) as a novel treatment for DES.
Materials and methods

Patient recruitment
Ethics committee approval was obtained for a pilot study to assess the feasibility and efficacy of FAB therapy in cases of severe DES. Potential patients were recruited from cornea and external eye disease clinics at Moorfields eye unit at Bedford and Birmingham NHS trusts between April 2014 and June 2016. These patients were clinically assessed to determine suitability to enter the study.
Inclusion criteria for DES patients are detailed in Table 1 . If only one eye met these inclusion criteria, then only that eye was included in the study. Exclusion criteria are detailed in Table 1 . Informed consent was gained from eligible participants and the study carried out in accordance with the Declaration of Helsinki.
Study design
Initial assessment was performed on entry to the study, and follow-up assessments~3 days, 2 weeks, 4 weeks, and 8 weeks into therapy, and 4 weeks post-cessation of therapy. At initial assessment, a full history of the patient's presenting complaint, past medical, drug and allergy, family, and social history were noted. At each assessment, an ocular comfort index (OCI) questionnaire was completed by the patient based on their current symptoms. The OCI was chosen based on superior validity, reliability, and Rasch-based psychometric properties in comparison to other dry eye questionnaire tools. 23 Best corrected visual acuity (Snellen chart) and Schirmer's test (without anaesthetic) were then noted. Slit-lamp biomicroscopy was performed, fluorescein 1 mg wetted strip was instilled and the anterior segment photographed with and without fluorescein filters. The eye was examined on the slit lamp by a singleexperienced ophthalmologist and corneal staining graded using the Oxford Scheme for grading ocular surface staining in dry eye. 24 Tear break-up time (TBUT) and then intraocular pressure (IOP) were subsequently assessed. These tests, along with an interview to determine compliance and elicit any problems with treatment regimen, and full examination to assess for any potential complications of FAB therapy, were repeated at each follow-up.
Therapy regimen in the trial comprised application of FAB four times a day for a period of 8 weeks, commencing after initial assessment. Patients were trained in the method of FAB application and given an information leaflet containing instructions (Supplementary Appendix 1) on entering the trial: patients were instructed to wash their hands with soap and water, dry with a clean towel, and then wipe a finger of the non-dominant hand with an alcohol street, although some patients used their dominant hand. Patients then used a new lancet to draw a drop of blood from their fingertip and applied the drop to the inferior conjunctival fornix. Patients then wiped their finger again with an alcohol steret and were provided with a sharps bin to dispose of the lancet. A separate finger was used for each eye. Patients were told to continue their routine conventional dry eye therapy, as recorded during the initial assessment, during the trial. Patients were told to cease FAB therapy and contact their ophthalmologist immediately if they developed any new symptoms in their eyes or fingers whilst on therapy.
Outcome measures
Primary outcome: improvement in symptoms (OCI score) or signs (Oxford Scheme corneal staining grade, Schirmer's test, TBUT and visual acuity) after 8 weeks of FAB therapy.
Data analysis
Snellen chart best corrected visual acuities were converted into logMAR equivalents. OCI values were scored according to maximum-likelihood iterative procedures as per Johnson et al. 23 Mean values for logMAR acuity, Schirmer's test, TBUT, OCI score, Oxford Scheme grading, and IOP were compared between trial commencement and completion of 8 weeks of FAB therapy, and between completion of therapy and 4 weeks post-cessation, using two-tailed Student's paired t-test. The effect of age (4 or ≤ 50 years at time of entry into the study) and DES aetiology (Sjogren versus non-Sjogren) on outcomes was assessed using two-tailed Student's unpaired t-test. Results with P value o0.05 were deemed statistically significant.
Results
In total 17 DES patients were recruited to the study. One patient declined to continue with the study after 4 week follow-up as she found regular assessments inconvenient and uncomfortable, although she tolerated the treatment regimen well. At week 4, corneal staining grade and TBUT had improved in the left eye and remained stable in the right eye, whilst OCI had improved from 63.90 to 59.08. This patient was excluded from further analysis. Details and conventional dry eye therapies used at baseline of the remaining 16 patients are summarised in Table 2 . All patients had been diagnosed with severe DES prior to entry and had suffered with symptoms for at least 2 years. Sjogren's syndrome diagnosis was clinically based on symptoms of severe DES with usually dry mouth, and known systemic autoimmune disease or positive auto-antibody screen for antinuclear antibody and/or rheumatoid factor. Topical ciclosporin therapy was used by 8/16 (50%) patients -high intolerance and refusal rates were secondary to use of off-label 0.2% ciclosporin ointment in the majority of patients, as 0.1% Ikervis achieved National Institute for Health and Clinical Excellence (NICE) approval only 6 months before end of the recruitment period. One patient was a soft contact lens wearer. Disease entry criteria were satisfied unilaterally in three patients, hence 29 eyes were studied. The study population comprised 14 female and 2 male patients. Mean ± SD age was 54.4 ± 15.0 years. Median age was 51.5 years (range 22-83). Mean ± SD period from baseline assessment and commencement of FAB therapy was 3.5 ± 2.10 days for first follow-up, 15 ± 4.34 days for 2 week follow-up, 32.42 ± 7.82 days for 4 week follow-up, 58.29 ± 8.64 days for 8 week follow-up, and 88.07 ± 8.22 days for 12 week follow-up.
Study outcomes are shown in Figure 1 . After 8 weeks FAB therapy, subjective symptoms, scored by OCI questionnaire, improved from a mean value ± 1 SD of 56.03 ± 8.69 to 39.72 ± 9.76 (Po0.0001) (Figure 1a) . Objectively, corneal staining, measured using Oxford Scheme grading, improved from a mean score of 3.31 ± 1.44 to 2.07 ± 1.28 (Po0.0001) (Figure 1b) . TBUT improved from a mean time of 5.00 ± 4.4 to 7.80 ± 5.53 s (Po0.05) (Figure 1c) . Mean visual acuity improved from LogMAR equivalent 0.08 ± 0.25 to 0.01 ± 0.19, (Po0.05) (Figure 1d ). Change in Schirmer's test (2.89 ± 4.38-2.63 ± 2.67 mm, P = 0.70) (Figure 1e ) lacked statistical significance.
Four weeks post-cessation of FAB therapy, mean OCI score worsened from 39.72 ± 9.76 to 44.67 ± 9.18 (Po0.05). Mean corneal staining grade worsened from 2.07 ± 1.28 to (Table 3) .
No ocular or fingertip complications were noted in any patients during the trial. Mean intraocular pressure showed no significant change throughout the trial (P = 0.52) (Figure 1f) . Patients found the technique to be straightforward and easy to perform. All patients complied well with treatment regimen according to questioning at each follow-up. Staining images are shown for two patients in Figure 2 . Although patients were advised to continue to use their artificial tear drops as prescribed, the majority reported a decrease in use.
Discussion
Lack of adequate tear supply to the surface of the eye causes a constellation of surface pathology and symptoms that comprise DES. The broad range of growth factors and other nutrients found in natural tears have been shown to play a crucial role in maintenance of the physiological ocular surface (Supplementary Table 4) . The existence of a significant population of severe DES sufferers in whom standard DES treatment is inadequate has driven research into tear substitutes which more closely mimic natural tears. Numerous blood-derived products have been trialled to variable degrees of success, but all share similar problems of high production cost, production time, legislative barriers, and stringent storage requirements.
The results of our pilot study indicate that FAB is a viable therapy for recalcitrant DES unresponsive to conventional therapy, and that continued application of blood is required to maintain improvements in both symptoms and signs seen during therapy. In total 16 patients had DES severe enough to meet the inclusion criteria of the study, and in these patients, all experienced subjective improvement in their symptoms, as measured by OCI score. Two patients reported reduced photophobia, not accounted for in the OCI questionnaire. Objectively, epithelial surface damage, as measured by degree of corneal staining on the Oxford grading scheme, improved in all but three eyes (in two of which staining grade remained constant), correlating well with subjective scores. Tear film stability, as measured via TBUT, improved in 19 of 29 eyes. Visual acuity improved in 18 eyes and was maintained in 7 eyes. Schirmer's test showed no statistically significant change. It is possible that our study lacked the power to detect changes in this parameter owing to the small sample size. Four weeks post-cessation of FAB therapy versus immediately after completion of FAB therapy, corneal staining increased in 16 of 29 eyes. OCI score worsened in 11 of 16 patients. There was no statistically significant change in TBUT, visual acuity or Schirmer's test after therapy cessation. The worsening of signs and symptoms after therapy cessation suggest that long-term therapy is required to maintain observed benefits. Age ≥ 50 years, and Sjogren's or non-Sjogren's aetiology, did not affect FAB efficacy. No complications were noted in any patient throughout the trial duration, and no effect on IOP was noted. The therapy regimen was tolerated well by all patients according to recorded questioning at each follow-up visit, with exception of the single patient who discontinued treatment due to inconvenience of required regular follow-up visits. A key concern from clinicians is the acceptability to patients of having to prick their fingers several times a day to provide relief for their eyes. All 16 patients have continued FAB therapy of their own accord without reported complications after study cessation, the longest for 28 months.
There are several limitations to this pilot study. The small sample size reduces external validity. Internal validity is limited by lack of a control group and absence of blinding of both researcher and patient. Both observer bias and placebo effect cannot therefore be excluded as potential contributors to observed outcomes. Analysis of both eyes in cases of severe bilateral DES as independent subjects risks overestimating statistical significance of observed differences, although any between-eye correlation is unlikely to account for the observed changes in OCI score and corneal staining grade on FAB therapy in light of the level of significance achieved. Furthermore, the decrease in the use of their artificial tears was not formally recorded. Cytological evidence of corneal epithelial anatomical changes secondary to FAB is presently lacking.
A randomised controlled trial is required to provide stronger evidence to assess the efficacy of FAB. Participant blinding will not be possible owing to the nature of FAB therapy, a problem which similarly affects AS trials. A randomised controlled crossover trial would therefore be most suited to providing this evidence.
What is the mechanism of action of FAB?
Blood is a complex medium comprising cells and plasma. Plasma constituents include water, proteins, nutrients, cytokines, electrolytes, steroid hormones, and waste products. The effect of each individual component of blood on the ocular surface has not been fully elucidatedto calculate the effect of whole blood on the surface of the eye by the sum of its parts would be a daunting task. However, we know that after injury to the corneal surface, controlled neovascularisation of the damaged surface and nerve regrowth occurs, contributing to regeneration of lost epithelium and repair of stroma. 25, 26 The supply of whole blood to the damaged corneal surface is a physiological part of the repair process. It is therefore unsurprising that supplementation of blood via fingerprick should encourage that same process in dysfunctional corneal epithelium secondary to DES, with the additional benefit of avoiding the neovascularisation and scarring of that physiological process.
Blood-derived products have been extensively studied in the treatment of DES and other diseases leading to corneal epithelial damage. Their aim is to supply the components of physiological tears which promote corneal epithelial growth and maintenance. Efforts have focused on ensuring adequate concentrations of growth factors are present in the blood-derived products trialled. In whole blood, the concentration of growth factors within the plasma is low. 27 Growth factors are found in high concentration within platelet α-granules, 28 awaiting release upon activation of the clotting cascade at sites of tissue damage, in order to promote repair via locally increased growth factor concentration. Activation of platelets has therefore been an integral step in the manufacture of blood-derived products intended for the ocular surface -in AS by allowing collected whole blood to coagulate, and in platelet-rich plasma by centrifugation to increase platelet concentration and addition of calcium and thrombin prior to application to activate platelets.
In the present study, FAB is produced via dermal puncture of capillaries of the fingertip with a fingerprick. The nature of the blood produced can be inferred from previous studies concerning capillary blood and plasma composition.
Regarding the cellular component of FAB, analysis of paired capillary (via fingerprick) and venous blood samples by Yang et al 29 showed no significant difference in the concentration of erythrocytes between the samples, and an increased concentration of leucocytes, particularly granulocytes, in capillary blood. Platelet concentration in capillary versus venous blood is currently disputed, with studies demonstrating decreased [30] [31] [32] or unchanged 29, 33 concentrations in capillary blood. Bond et al 34 have shown that platelet count decreases for each successive drop of blood milked from a single puncture wound, and hypothesise this may reflect local platelet consumption at the site of trauma after fingerprick.
Regarding the plasma component of FAB, there have been no studies thus far concerning the concentration of growth factors in fingerprick blood plasma. In terms of venous blood plasma, Hartwig et al 27 showed that concentration of growth factors in venous blood plasma is low, especially in comparison to serum (EGF 0.01 ng/ml plasma versus 0.7 ng/ml serum, PDGF 1.4 ng/ml plasma versus 14.5 ng/ml serum). Fibronectin and vitamin A concentrations were also shown to be lower in plasma than serum. The group also demonstrated reduced immortalised corneal epithelial cell line growth when incubated with plasma as opposed to serum. Is the composition of fingerprick blood plasma comparable to venous plasma? The clinical improvement seen on FAB in this study suggests that the concentration of growth factors and other factors crucial to corneal epithelial maintenance might be greater than that found in venous plasma. It is conceivable that platelet activation and hence growth factor release occurs during FAB application. Traumatic injury to capillaries and tissue via lancet, 34 blood stasis during expression on the fingertip, and prolonged contact of blood with the ocular surface all present opportunities for platelet activation to occur. Indeed, it has been noted by patients on the trial that small clots can collect in the inferior conjunctival fornix after FAB application. Further study of the composition of FAB is necessary to test this hypothesis.
It is a theoretical concern that concentration of growth factors and nutrients in FAB, and hence potentially the efficacy of FAB, might vary between patients with DES of autoimmune versus non-autoimmune aetiology. However, it has been shown that the concentration of major epitheliotrophic factors in serum prepared from patients with chronic autoimmune disease is no different from that of control patients. 35 It has also been demonstrated that growth factor concentrations in serum from patients suffering from DES of any aetiology is the same as that of controls. 36 It is therefore unlikely that DES aetiology impacts upon the therapeutic potential of FAB.
It is not presently clear how the erythrocytes and leucocytes of FAB affect the ocular surface. There is evidence that erythrocytes, usually considered to be passive cells, are able to release growth factors and regulate neighbouring T cells, fibroblasts, and dendritic cells, 37 and this is likely to have an impact on the corneal surface in FAB therapy. The effect of autologous leucocytes on the ocular surface is largely unknown -one study showed accelerated corneal ulcer healing after topical application of autologous mononuclear cells, 38 but research is necessary to provide further detail in this area.
Although our study did not highlight any complications of FAB therapy, theoretical complications exist. The risk of ocular infection through transfer of skin pathogens via repeated close contact between finger and eye exists, though this is minimised by diligent cleaning of the finger with an alcohol steret. The risk of transmission of blood-borne pathogens to the anterior eye is biologically plausible, hence the exclusion criterion of existence of systemic infection. Repeated fingerpricks might lead to tissue damage at the fingertips, and traumatic neuroma formation at the site of fingerprick has been previously reported. 39 On account of study design, only short-term complications could be assessed for, and longer follow-up is required to elucidate possible longterm complications.
In summary, our pilot study provides evidence in favour of the use of FAB in the treatment of severe DES refractory to conventional treatment. FAB presents a cheap, practical, and effective therapy which avoids the need for blood donation and specialist processing. A randomised controlled trial to compare FAB therapy with conventional topical therapy and AS is necessary to validate our initial findings. There are several questions regarding the biological mechanism of FAB therapy which remain unanswered and require further investigation, both at the cellular and clinical level. Potential complications of FAB therapy need to be explored further in future studies.
Summary
What was known before K Use of blood-derived products such as autologous serum in severe dry eye syndrome is limited by a number of factors.
What this study adds K Fingerprick autologous blood (FAB) should be considered as an alternative low-cost, readily accessible treatment for severe dry eye syndrome.
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